Nucleotide excision repair (NER) defects are associated with cancer, developmental disorders and neurodegeneration. However, with the exception of cancer, the links between defects in NER and developmental abnormalities are not well understood. Here, we show that the ERCC1-XPF NER endonuclease assembles on active promoters in vivo and facilitates chromatin modifications for transcription during mammalian development. We find that Ercc1
transcription factor II D (TFIID) defect in transcription initiation. Promoter occupancy studies combined with expression profiling in the liver and in vitro differentiation cell assays reveal that ERCC1-XPF interacts with TFIID and assembles with POL II and the basal transcription machinery on promoters in vivo. Whereas ERCC1-XPF is required for the initial activation of genes associated with growth, it is dispensable for ongoing transcription. Recruitment of ERCC1-XPF on promoters is accompanied by promoter-proximal DNA demethylation and histone marks associated with active hepatic transcription. Collectively, the data unveil a role of ERCC1/XPF endonuclease in transcription initiation establishing its causal contribution to NER developmental disorders.
DNA damage | genetics | metabolism D evelopmental-stage and tissue-specific programs of gene expression require the action of sequence-specific DNA binding factors, the basal transcription machinery and chromatin remodeling and modification enzymes (1) . Together, these factors create a chromatin environment that allows the synthesis of the primary transcript (2) . If the transcriptional machinery is defective or challenged due to e.g., transcription-blocking DNA lesions, the process of RNA synthesis halts. To ensure that the genetic information is preserved and that transcription is not compromised, cells use DNA repair systems aimed at counteracting DNA damage (3) . For bulky helix-distorting damage, the principal repair mechanism is the evolutionarily conserved nucleotide excision repair (NER) pathway. NER operates via a "cut and patch" type of mechanism involving ∼30 proteins that recognize and remove helical distortions throughout the genome (global genome NER; GGR), or selectively from the transcribed strand of active genes (transcription-coupled repair; TCR) (4) . In GGR, the DNA is surveyed by the XPC-hR23B complex and the UV-damaged DNA-binding protein. Instead, damage recognition in TCR requires the RNA polymerase II (POL II), CSA, and CSB. Unwinding the DNA around a lesion and stabilization of single-stranded DNA is followed by the XPG and ERCC1-XPF endonucleases that cleave on the 3′ and 5′side of the DNA lesion, respectively followed by excision of the damage and gap-filling DNA synthesis (5) .
Inborn NER defects may lead to skin cancer-prone xeroderma pigmentosum (XP) (6) or to a heterogeneous group of developmental disorders, including Cockayne syndrome (CS; affected genes: Csb and Csa) and trichothiodystrophy (TTD; affected genes:
Xpd and Xpb) (7) . CS and TTD patients are characterized by postnatal growth failure, skeletal and neuronal abnormalities, s.c. fat loss and short lifespan (collectively designated as "segmental" NER progeroid features), but not cancer (8) . Mouse mutants with inborn NER defects closely mimic their human counterparts and display severe developmental abnormalities and short lifespan (9) .
Whereas defective NER of damaged DNA has been established as the underlying cause of mutations leading to skin cancer, the links between NER defects and the developmental abnormalities seen in NER disorders remain unclear (10) (11) (12) . Earlier studies have shown that distinct NER factors play a role in transcription (5, 13, 14) and that, upon stimulation, they are recruited to active promoters in vitro (15) . However, the in vivo relevance of NER-mediated transcription to the NER developmental disorders remains elusive, primarily due to difficulties in dissecting the dual role of NER in DNA repair and transcription in an intact organism. Here, we provide evidence that key developmental abnormalities associated with a defect in NER originate from defective transcription initiation of gene expression programs.
Results

Ercc1
−/− Mice Demonstrate Physiologic and Metabolic Parallels with Liver-Specific Taf10 −/− Mice. To assess the contribution of NER in transcription during development, we compared the liver phenotypes of NER-deficient Ercc1 −/− animals that closely mimic a severe form of CS (11) with transcription factor II D (TFIID)-defective Taf10 −/− mice exhibiting a liver-specific defect in transcription initiation (Taf10 −/− -Alb-Cre) (16) . Ercc1 −/− mice show attenuated growth, resulting in cachectic dwarfism during the second week of life and premature death before postnatal day P35 (Fig. 1A) (11) . Likewise, liver-specific disruption of Taf10 gene in Taf10 −/− animals leads to severe growth failure during the second week after birth, more than 50% reduction in body weight at day P30, and premature death at ∼P35 (Fig. 1C ) (16) . Oil Red O and PAS staining in Ercc1 −/− and Taf10 −/− livers revealed a uniform accumulation of triglycerides and glycogen resulting in a "fatty liver" appearance with unusually large glycogen depots ( Fig. 1 B and D) . Apoptosis was considerably higher in both animal models compared with controls ( Fig. 1 A- −/− livers revealed, among others: a down-regulation of the somatotrophic, thyrotrophic, and lactotrophic axes, of glucose catabolism, and of cytochrome P450s; and the up-regulation of anaerobic metabolism genes and of genes involved in fatty acid synthesis and antioxidant and detoxification responses (SI Appendix). Thus, the Ercc1 −/− and Taf10 −/− liver transcriptomes are associated with biological processes that closely reflect the growth defect seen in these animals.
TFIID Is Assembled in Ercc1
−/− Livers. In Ercc1 −/− livers, neither the mRNA or protein levels of individual Tafs nor the assembly of TFIID or the mRNA levels of all basal transcription factor subunits examined were affected by ERCC1 inactivation (SI Appendix). We also detected similar transcript levels when using primers that amplify the N and C termini of insulin-like growth factor (Igf1), growth hormone receptor (GhR), deiodinase I (Dio1), and prolactin receptor (PrlR) RNAs (SI Appendix). Thus, the mRNA changes in Ercc1 −/− livers are not generated by defects in TFIID integrity, aberrant processing of the premRNA, or compromised mRNA stability. Similarly, in Taf10 −/− livers, the XPF and ERCC1 protein levels were comparable to those seen in wild-type (wt) controls (SI Appendix), minimizing the possibility that the changes in Taf10 −/− livers result from a constitutive defect in ERCC1-XPF.
ERCC1-XPF Is Recruited on the Promoters of Genes Associated with
Postnatal Murine Growth. CS patients are characterized by postnatal growth failure (7), and genes required for postnatal growth are suppressed in murine models of CS (11, 12, 18) . Based on these observations, the finding that NER factors are recruited on active promoters (15) , and the physiologic and gene expression parallels between Ercc1 −/− and Taf10 −/− mice, we asked whether ERCC1 and its XPF partner are involved in the transcriptional activation of genes critical for somatic growth. We carried out a series of in vivo chromatin immunoprecipitation (ChIP) assays to study occupancies of the Igf1, GhR, Dio1, and PrlR promoters. These genes are essential for postnatal animal growth (17) . Unlike Ercc1 −/− livers, beginning on day 5, the wt livers demonstrated a robust increase in the mRNA levels of these genes ( Fig. 2A) . In wt livers, ChIP followed by qPCR showed that ERCC1 and XPF assemble with POL II and the basal transcriptional factors tested ( Disruption of the Ercc1 gene led to the dissociation of XPF, POL II and the basal transcription factors tested from the promoters ( Fig. 2C and SI Appendix) mirroring the reduced mRNA levels seen in P15 Ercc1 −/− livers ( Fig. 2A) . In P15 wt livers, we also find that XPA and XPG recruit on promoters; intriguingly, disruption of Ercc1 did not affect the assembly of these NER factors on promoters (SI Appendix). In P15 wt livers, ChIP data obtained for the Hprt gene which expresses at high levels in fetal livers (19) and continues to be active postnatally (11, 12) showed that all of the tested factors occupied the promoter. In P15 Ercc1
−/− livers, the Hprt mRNA levels and the occupancy of all factors tested on Hprt promoter were not significantly affected; however ChIP signals for the XPF were reduced to background levels (Fig. 2C) . Similar results were obtained for other genes known to be actively transcribed long before birth (SI Appendix). Instead, ChIP signals for genes that are not expressed in P15 Ercc1
−/− livers remain close to background levels (SI Appendix). Thus, similar to TAF10, XPF and ERCC1 are required for the optimal activation of target genes, but are dispensable for ongoing hepatic transcription.
Defects in Some NER Factors Impede the Assembly of ERCC1-XPF on
Promoters. Consistent with their normal postnatal development, Csb m/m and Xpa −/− livers were proficient in the recruitment of all factors tested whereas the XPF and ERCC1 protein levels were comparable to those seen in wt controls ( Fig. 2C and SI Appendix). This and the lack of a growth defect or of any detectable liver gene expression changes in P15 in Csb m/m or Xpa −/− animals (SI Appendix) (12) and the normative mRNA levels during postnatal Csb m/m liver development ( Fig. 2A) suggest that CSB and XPA factors alone are not critical for the transactivation of hepatic gene targets. However, in P15 Csb m/m -Xpa −/− livers, disruption of both Csb and Xpa led to the dissociation of all factors tested from promoters (SI Appendix), closely mirroring the reduced Igf1, GhR, Dio1, and PrlR mRNA levels and the severe growth defect seen in these animals (12) . As TFIIH is involved in both NER and transcription (13), we also asked whether the ChIP signals on promoters for ERCC1-XPF reflect the physical proximity of this complex to TFIIH during NER. However, a genome-wide expression analysis in P15 Xpd TTD livers, which carry a R722W mutation in the mouse Xpd gene (13), revealed no gene expression changes associated with growth or energy metabolism ( Fig. 3 A and B and SI Appendix). In agreement with this result, P15 Xpd TTD animals are not growth-defective (13) .
To test whether the TFIID complex interacts with ERCC1-XPF, we isolated ERCC1-containing protein complexes by in vivo biotinylation tagging and direct binding to streptavidin beads. Human embryonic kidney (HEK) 293 cells were cotransfected with an N-terminal avidin-tag fused version of murine ERCC1 (bERCC1) and a biotin ligase (BirA) expression vector. BirA specifically recognizes and biotinylates the short tag, thus creating a very high affinity "handle" for isolating tagged ERCC1 by binding to streptavidin. Nuclear extracts were incubated with streptavidin-coated beads and subjected to Western blot analysis with antibodies raised against ERCC1, TBP, several TAFs (Fig. 3  C and D) , and known protein partners XPF and XPA (SI Appendix). Our analysis revealed that bERCC1 interacts with TAF6, TAF7, TAF10, TAF12 and TBP (Fig. 3D ) but less so with TAF4 or TAF5 (SI Appendix). ChIP with αTAF6, αTAF10 and αTAF12 antibodies and Western blot experiments with αERCC1 in wt livers further confirmed these findings (SI Appendix). Interestingly, ChIP signals for ERCC1 and XPF on promoters in Taf10 −/− livers were reduced to background levels, suggesting that interaction with distinct TAFs targets ERCC1-XPF to gene promoters (SI Appendix).
ERCC1-XPF Facilitates Transcription Initiation in Vitro.
To test whether ERCC1-XPF is directly involved in transcription activation, naive primary wt embryonic fibroblasts (MEFs) were exposed for 13 d to an adipogenic stimulus. This led to the robust increase in the mRNA levels of adipoQ and adipsin genes encoding two protein hormones secreted by differentiated adipocytes (20) (Fig. 3E ) and to the de novo lipid accumulation marking the generation of differentiated, functional adipocytes (Fig. 3F) . In contrast, exposure of Ercc1 −/− MEFs to adipogenic media had no effect in the adipoQ and adipsin mRNA levels (Fig. 3E) and resulted in the nearly complete absence of productive lipid accumulation (Fig. 3F Lower) . Forty-eight-hour treatment of wt primary MEFs with adipogenic media led to the assembly of XPF and POL II on promoters of these genes but livers (n ≥ 4) were normalized to input and expressed as fold enrichment over those obtained from wt controls, which were set at 1 (100%; dotted horizontal line).
not on the −25-Kb upstream promoter regions (SI Appendix) matching the onset of increase in mRNA levels (Fig. 3E) . In Ercc1 −/− MEFs, ChIP signals for XPF, POL II, MED1, and TFIIB on promoters were markedly reduced compared with wt MEFs (Fig. 3G) . Under these conditions, we also found that XPA assembles on adipoQ and adipsin promoters; although XPA ChIP signals for the adipoQ and adipsin promoters in Ercc1 −/− MEFs were slightly reduced compared with wt MEFs, they were not abolished. Consistent with the high expression of the Hprt gene in Ercc1 −/− MEFs (21), POL II, MED1, and TFIIB occupied this promoter, whereas ChIP signals for XPF were substantially reduced compared with wt MEFs (Fig. 3G) . To demonstrate that the recruitment of ERCC1-XPF on promoters reflects a real association with the transcription machinery, wt MEFs were simultaneously exposed for 12 h to the transcription inhibitor α-amanitin and the adipogenic stimulus. This led to the inhibition of adipsin and adipoQ mRNA synthesis (SI Appendix). Neither POL II nor XPF or ERCC1 were detected on the adipoQ and the adipsin promoters (Fig. 3H) . We also monitored the responsiveness of adipoQ and Igf1 promoters to ERCC1 and XPF by transiently cotransfecting pCMV-bErcc1 (Fig. 3C) or pCMV-bXpf (SI Appendix) together with the adipoQ or Igf1 luciferase promoter plasmids in NIH 3T3 cells. In line, the binding of ERCC1 and XPF factors on adipoQ and Igf1 promoter plasmids significantly increased the promoter-driven luciferase activities (SI Appendix) further supporting the role of ERCC1-XPF in transcription activation.
Assembly of ERCC1-XPF on Promoters Is Accompanied by DNA Demethylation and Histone Marks Associated with Active Transcription. Gadd45a interacts with and requires XPG to facilitate promoter demethylation during transcription (22) . In this work, we find that, Gadd45a assembles on promoters but not on the −25-Kb upstream promoter regions of growth genes or on the promoter of the transcriptionally inactive GzmZ gene (SI Appendix) during liver development. Unlike Csb m/m livers, disruption of Ercc1 led to the dissociation of Gadd45a from promoters (SI Appendix). Thus, Gadd45a assembles on promoters during hepatic development; a defect in Ercc1, but not in Csb, substantially affects the recruitment of Gadd45a on promoters.
Using a methylation-sensitive ChIP approach (ChIP-chop) (23), we next sought to evaluate whether DNA methylation interferes with the assembly of ERCC1-XPF and Gadd45a on promoters. Before qPCR, the input, ERCC1-, XPF-and Gadd45a-enriched DNA samples derived from wt livers were digested with the methylation-sensitive HpaII and methylation-insensitive MspI restriction enzymes. Beginning day 5, we noticed a high content of HpaII-resistant input DNA (i.e., methylation) on promoters that gradually decreased reaching a minimum signal at ∼P15 (i.e., demethylation) (Fig. 4A) . As shown by the "ChIP-chop" comparative analysis of input versus ERCC1-or XPF-bound DNA fragments, ERCC1 did not bind DNA in a methylation-sensitive manner; XPF showed a small preference toward binding nonmethylated DNA (SI Appendix). Instead, Gadd45a was preferentially assembled on nonmethylated DNA (SI Appendix). Unlike the P15 Csb m/m livers, disruption of the Ercc1 gene in Ercc1
livers led to the aberrant DNA methylation on promoters compared with age-matched wt livers ( Fig. 4B and SI Appendix). Thus, the presence of ERCC1-XPF on promoters is accompanied by promoter DNA demethylation with Gadd45a protein binding preferentially nonmethylated DNA. A similar analysis on the Hprt promoter in all of the animal models tested revealed no difference in the content of HpaII-resistant DNA of input and ChIP samples (SI Appendix). Examination of the chromatin status in P15 Ercc1 −/− livers revealed a loss of activating acetylated histone H3Ac and H3K4 trimethylation and a concomitant increase of repressive histone H3K9 dimethylation and H3K27 trimethylation marks with promoter-specific requirements (Fig. 5A) . At the Dio1 and PrlR promoters, a decrease in the acetylation of histone 3 and H3K4 trimethylation was accompanied by a significant increase in H3K27 trimethylation and H3K9 dimethylation; at the Igf1 and GhR promoters, a decrease of H3Ac and H3K4me3 ChIP signals coincided with an increase of H3K27me3 but not H3K9me2 ChIP signals (Fig. 5A) . Thus, ERCC1-XPF assembly on promoters is accompanied by active DNA demethylation and histone posttranslational modifications associated with active transcription. The data are presented as in Fig. 2C . Scale bars show mean values and SDs from at least four independent experiments. (H) POLII, XPF, and ERCC1 ChIP signals on promoters (as shown) in wt MEFs exposed for 12 h to adipogenic mixture (Ac) in the absence (dark blue) or presence (light blue) of α-amanitin (10 μg/mL).
Discussion
Why some, but not all, defects in NER lead to developmental abnormalities and how such pathological outcomes manifest in some, but not all, organs remains an intriguing question that argues for distinct NER factors having tissue-specific functions beyond NER (15) . Here, we provide in vivo evidence that the severe growth retardation seen in Ercc1 −/− animals originates from defective transcription initiation of developmental gene expression programs.
Defect in Transcription Initiation Recapitulates the Growth Defect in Ercc1
−/− Animals. Both the NER progeroid Ercc1 −/− and TFIIDdefective Taf10 −/− mice are growth defective, show noticeable liver apoptosis, have a marked propensity to store rather than burn glycogen and fat, die before weaning, and share unusually similar hepatic gene expression profiles. Strikingly, the latter reflects more the severity of growth retardation rather than the DNA-repair defect in NER. The extensive parallels between these otherwise distinct mouse strains occur in the absence of a TFIID deficiency in Ercc1 −/− livers or of an ERCC1-XPF defect in Taf10 −/− livers. Instead, we find that ERCC1-XPF assembles with the basal transcription machinery on promoters during liver development.
Failure of ERCC1-XPF to do so results in defective transcription initiation of genes critical for postnatal growth.
Given the known role of CSB and XPD in transcription (24, 25) and the fact that XPA is upstream of ERCC1 in the canonical NER pathway, it is surprising that none of these proteins alone are required for the initial activation of hepatic genes; recruitment of ERCC1-XPF on promoters requires the concurrent availability of CSB and XPA factors (as shown in Csb m/mXpa −/− livers). However, TFIIH and likely also CSB may only be partially defective in Xpd TTD and Csb m/m livers, respectively. We also find that ERCC1-XPF is dispensable for ongoing transcription; unlike POL II or any of the factors tested, ChIP signals for genes whose high expression levels remain unaltered in Ercc1 −/− livers revealed a complete dissociation of ERCC1-XPF from promoters ( Fig. 2C and SI Appendix). Our finding that distinct TAFs and TBP physically interact with ERCC1 may explain how ERCC1-XPF is specifically recruited to the promoters of active genes. Interestingly, the contribution of ERCC1-XPF to the de novo initiation of hepatic transcription extends to genes promoting adipogenesis; assembly of ERCC1-XPF on promoters was also sensitive to the transcription inhibitor α-amanitin. Finally, ERCC1 and XPF significantly increase the activity of adipoQ and Igf1 promoter-driven luciferase activities in transiently transfected NIH 3T3 cells (SI Appendix).
ERCC1-XPF Complex Functions in Transcription Initiation Beyond NER.
In view of the NER defect, one could envision that at least some of the Ercc1 −/− liver gene expression changes originate from the presence of irreparable DNA lesions. Indeed, DNA lesions would further aggravate the transcriptional defect in Ercc1 −/− animals or, in certain instances, increased DNA damage levels could compromise the availability of ERCC1-XPF aimed for transcription initiation during hepatic development (Fig. 5B) . Moreover, the NER defect alone could account for the numerous progressive hepatic symptoms associated with aging in Ercc1 -/Δ mice that are healthy into adulthood and live substantially longer than the growth-defective, short-lived Ercc1 −/− and Taf10 −/− animals (26). Mutations in ERCC1, XPF, and XPG represent the only singlegene defects known in NER that are associated with growth attenuation and death before weaning in mice (27) . However, several double NER mutant mice are also associated with cachectic dwarfism and, for the animal models tested so far, their P15 hepatic gene expression changes are exceptionally similar to those seen in Taf10 −/− or Ercc1 −/− livers (11, 12, 18) . This surprising requirement of certain, but not all, NER factors in the transcription initiation of hepatic genes during development contrasts with the UV sensitivity seen in XP, CS, and TTD patients; whereas the latter depends on the DNA repair defect, the former likely reflects a transcriptional defect during development.
Recruitment of ERCC1-XPF on Promoters Is Accompanied by DNA Demethylation and Histone Posttranslational Modifications. Despite the controversial involvement of Gadd45a in active promoter DNA demethylation (22, 28) , we found that Gadd45a assembles together with ERCC1-XPF on promoters. Recruitment of ERCC1-XPF on promoters was followed by DNA demethylation on promoter-proximal DNA closely mirroring the peak of mRNA levels during development. Instead, a defect in Ercc1, but not in Csb, led to aberrant promoter DNA methylation. TAF12 was recently shown to recruit Gadd45a and the NER complex to the promoter of rRNA genes leading to active DNA demethylation (29) . These findings point to a similar role for TAFs and ERCC1-XPF during POL II-mediated transcription. Consistently, the aberrant promoter-proximal DNA methylation in P15 Ercc1 −/− livers was associated with a decrease of activating H3Ac and H3K4me3 histone marks and a concomitant enrichment in trimethylation of H3K27 more than H3K9 dimethylation. With the exception of a mild increase in H3K9 dimethylation on Dio1 promoter, the P15 Csb m/m livers showed none of the Ercc1 −/− -associated histone marks on promoters.
Conclusions
In summary, we find that, upon gene activation, ERCC1-XPF recruits together with the RNA POL II and the basal transcription machinery at the promoters of hepatic genes. Assembly of ERCC1-XPF on promoters is followed by histone marks and promoter proximal DNA demethylation associated with active transcription. Whereas the role of XPG, TFIIH and CSB in POL II-mediated transcription has been well documented (30) , it has been difficult to envisage a role for ERCC1-XPF in transcription initiation in vivo. Our data are in line with previous findings on XPG (22) , supporting a similar role for ERCC1-XPF in facilitating repair-mediated active DNA demethylation on promoters. Interaction of ERCC1-XPF complex with specific TAFs during gene activation also suggests that this complex acts as a coactivator during the transcription process. This is in line with the fact that TBP/TAF complexes often recruit various classes of coactivators to execute specific transcriptional programs (1, 31) as well as the recently proposed function of the XPC/RAD23B/CETN2 NER complex in the maintenance and re-establishment of stem cell pluripotency (14) . Thus, although ERCC1/XPF may not be essential for initiating basal transcription itself, it is required for the fine-tuning of optimal transactivation of target genes. The period at which NER factors optimize transcription during postnatal development may well explain the heterogeneous and tissue-specific pathology of NER syndromes. It is, therefore, attractive to speculate that the so called "segmental" NER progeroid features may also reflect the "segmental" transcriptional requirements for certain NER factors during mammalian development.
Methods
Information on the animal models used is shown in SI Appendix. Cell culturing, the Periodic Acid Schiff, Oil Red O, and TdT-mediated dUTP Nick-End Labeling were performed as previously described (12, 21) . Microarrays, qPCRs, and data analysis were performed as previously described (21) . Detailed information on in vivo biotinylation tagging approach and the reporter gene assays is shown in SI Appendix. Westerns blots, ChIP, coimmunoprecipitation assays, and the methylation-sensitive ChIP assay were performed as previously described (16, 23) .
